It is undeniable that the energy consumption will continue to grow and the negative impact of using fossil fuels to produce it will favor the use of alternative energies. There has been an intensive research to develop clean energies from some decades now. As a result electric energy can now be generated using photovoltaic cells, wind power, fuel cells among other clean sources. Each source has advantages and disadvantages, hence, it is generally accepted that a combination of them is the best. Power electronics specialists have started to develop schemes to allow sources of different characteristics to cooperate to power a load. The device that achieve this goal has been called "energy router" by some researchers. In this work, it is shown that common multi-input power converter can function as energy routers if they are properly controlled. A control algorithm is proposed for these converters.
Introduction
It is expected that in 2050 the world population will rise to 9 billion from its current level of 7 billion. At the same time it is projected that the world economy will grow almost four-fold, causing an increase of energy and natural resources demand [13] . There are various measures today that are being implemented to reduce the fossil energies and electric energy trying to assure a continuous and sustainable energy input for the future, and reaching the world CO2 emission reduction goals in 2050 to avoid a climatic chaos.
It is expected that the electric energy demand will grow 85% between 2009 and 2035 to meet the CO2 emission goals at least 44% of this energy will must to be generated from renewable sources. Renewable energies can be integrated in all kind of electric systems, from huge interconnected networks to small autonomous systems or buildings.
Some of the problems presented by renewable energies come from the fact that they depend on changing and uncertain environmental conditions, the load variability and perturbations present in the distribution network when they are interconnected to it (see [7, 19] ). One solution to maintain a constant energy supply are the Hybrid Energy Systems, that can combine one or more renewable energy sources with traditional storing systems that can also be interconnected with the electric energy infrastructure.
The goal of an Hybrid Energy System is to supply the demanded energy using a renewable source, even when, by itself, it's not capable of sustaining the demand. This hybrid system stores energy when the renewable source exceeds its demand, and when the demand grows it takes energy from here. If the storage system is at full capacity, and the demand is less than this, there's the possibility of pumping the excess into the distribution network. It can also take some energy from the distribution network when the hybrid system is not enough to satisfy the demand. Other realizable function is to integrate and interconnect various renewable sources, like photovoltaic or biomass production, for example [9, 12, 15] .
The interconnection of different renewable energy sources in the Hybrid Energy Systems, is a complex subject, since voltage levels can vary widely [9, 12, 15] . For example, the interconnection of an eolian generator and a photovoltaic one, taking into account multiple climatic conditions, such as a sunny day with no wind, or a cloudy day with a lot of wind and very little luminosity. So a device which allow to modify the energy proportion supplied by each source is required to take advantage from the renewable energies. So, to improve the usage of renewable energies, it is necessary to have a device capable of manipulating the power from every source, working cooperatively, and not one that just maintains a constant voltage or current. Such a device has been called energy router [17, 22] .
The first ideas to develop energy routers came from the so called Duindam-Stramingioli energy router. This is a mechanical device that allows several mechanical power sources to cooperate to move a body. Based on these ideas a topology of power converter to transfer energy between several devices has been proposed recently. However, till now there are not practical examples of electronic energy routers that allow several sources to feed a load cooperatively.
Ideally, an energy router should have the capacity to decide the energy percentage from every source in relation to the energy produced, cost and demand. In [17] Sánchez et al present a subsystem called Dynamic Energy Router that dynamically controls the energy flux from every source with a parameter. They show the concept using a circuit with 2 super capacitors and prove that the energy transfer exists from one super capacitor to another with a parameter they denominate α.
Although this device transfers the energy from one point to another, it just allows the connection of two elements and the transfer of energy between them. In practice is common to find systems that require the connection of generating and consuming elements with very different dynamics. A topology that can be used as an energy router and allows to interconnect at least two different power sources is difficult to find. The topologies proposed by [17] allows to perform the energy routing, but can not connect two sources to feed a load. An improvement to this topology is presented in [22] , proving that is possible to maintain the routing capability interconnecting a battery and two supercapacitors by two different topologies. The experimental results presented demonstrate the routing capability, but to implement these topologies for fuel cell applications an extensive research should be developed.
In recent years derived from DC-DC converters, multi-input converters have been developed, allowing to feed a load by at least two different voltage DC sources [1, 4, 5, 18] . Also to feed an AC load with different sources the matrix converters have been developed [3] . Multi-input converters have been used in different applications such as hybrid vehicles. For example in [25, 26] multi-input converters allow to interconnect different sources to achieve a desired voltage in a DC bus. On hybrid vehicles applications, a fuel cell, a battery and super-capacitors are connected to supply the required energy to the vehicle. Although the sources supply the needed energy to the vehicle, there is no policy to achieve an efficient energy usage.
Other examples to interconnect renewable energies by multi-input converters are presented in [21, 23, 27] , in these schemes the main goal is also to regulate a DC bus. Even when these solutions allow the interconnection of two sources working cooperatively the energy is not used efficiently. Most cases it is stored in batteries or sent to the electrical network. From the previous references it can be observed that control of multi-input converters has focused in regulating the load voltage [4, 5, 16] , regardless of the optimal way of using the energy.
In this paper using the equilibrium analysis it is shown that the multi-input buck and multiinput boost converters are able to function as energy routers if they are properly controlled. Furthermore a control algorithm for each both multi-input converters are proposed.
In Section 2 our view of the requirements for a circuit to be called an energy router is precised. Based on this understanding, in Section 3 a way to enable the multi-input buck converter to function as an energy router is presented. In Subsection 3.1 its model is obtained. Using an equilibrium analysis, in Subsection 3.2 it is shown that this converter could be made to work as an energy router. Then in Subsection 3.3 a control to actually make this converter to function as an energy router is presented. Simulations results of the control algorithm proposed is presented in 3.4. In Section 4 it is shown that the multi-input boost converter can also be enable to function as an energy router. Finally in Section 5 some conclusions are made.
The Energy Router Control Problem
An energy router is a multiport device that allow the interconnection of different power sources and enable them to cooperate to feed a load. The term is inspired in what is called a router in computer networks. Figure 1 shows a general scheme of the use of an energy router for the interconnection of several power sources to a load. There is a block called policy energy subsystem that provides information about how much energy is convenient to be taken from each source.
Such information depends on the total power being required by the load, environment conditions, the energy stored in energy storage devices, past records of use, energy production cost for each source, etc., . To build such block it is necessary to overcome some technological issues that are not addressed in this document. Instead it is assumed that the output of this
Where α i value indicates the proportion of the total instantaneous power consumption that the i th power source should provide. The energy router objective is to take the energy specified by α from each source to provide a regulated voltage to the load. Hence the goals of an energy router are 1. Make the energy provided by each source equal to that specified by the energy policy subsystem. That is
where
2. Provide a regulated reference voltage to the load
Note that, since the energy router is pretended to be used with renewable energy sources, input power source to an energy router can be of different dynamical characteristics (output voltage, output impedance, response time etc.).
Hence the energy router should be robust to load and input voltages variations.
In the following Sections it is shown that both the multi-input buck converter and the multiinput boost converter are able to function as an energy router if they are properly controlled.
Enabling the Multi-Input Buck
Inverter to Act as an Energy Router
Model of the multi-input buck converter
In this section a multi-input buck converter is considered. To keep the notation simple only two sources are considered, however, is not difficult to extend the analysis to more sources. Figure 2 shows a simplified diagram of a multiinput buck converter for two sources. As it is shown in the Figure 2 , V 1 and V 2 are the voltage of each power supply, L 1 and L 2 are the inductances, C is the capacitance and R is the load. The system state is composed of inductor currents x 1 , x 2 and the output voltage x 3 . A procedure to obtain a discontinuous model for this converter is to find out system equations for every possible configuration of the switches and then to combine all of them into a single model. Considering
when u 1 =1 and u 2 =1 , the model results
finally considering u 1 =1 and u 2 =0 results
Combining models (4-7) into a single one, it is obtained
It is important to point out that the model (8) is
An average model can be derived from this one substituting the instantaneous states x 1 , x 2 and x 3 by its averages x 1 , x 2 , and x 3 and the instantaneous switch positions u 1 and u 2 by its averages ũ 1 and ũ 2 (see [2, 20] for example). Usually power electronics specialist call ũ 1 and ũ 2 duty cycles and denotes them as d 1 and d 2 respectively.
The multi-input buck converter is able to act as an energy router
In this subsection it is shown that a properly controlled multi-input buck converter can achieve the requirements described in Section 2 for an energy router. For the multi-input buck converter shown in Figure 2 and modeled by (8) such requirements becomes 1. The power from source V 1 will provide a ratio α 1 of the total power consumption, while source V 2 will provide a ratio α 2 . That is
where P V 1 and P V 2 are the average power provided by the source 1 and the source 2 respectively. The condition (2) becomes α 1,2 ∈( 0,1) with α 1 +α 2 =1 .
2. The load voltage is regulated to a desired value
Lema 1. Consider the multi-input buck converter shown in Figure 2 and modelled by (8) . There exist a couple of values for ũ 1 and u 2 that satisfy the requirements of an energy router, that is, satisfy (9) and (10) .
Proof: From Figure 2 the power contributed by sources are
and the total power delivered to the load is given by
Suppose that the initial conditions of (8) are such that
If average of u 1 and u 2 are set to
then ẋ 1 =ẋ 2 =ẋ 3 =0 . Hence, the system is in equilibrium. Rewriting (14a) and (14b) as
Multiplying (15a) by x 1 and (15b) by x 2 it is obtained
Taking into account (11) in (16) results
Since the control and initial conditions are such that the system is in equilibrium then we can substitute (13) in (17) to get
Hence, from (12) follows that given the initial conditions (13) and the control (14) the system remain in equilibrium and in this equilibrium P V 1 =α 1 P r and P V 2 =α 2 P r .
Remark 2. It is important to point out that from lemma 1, particularly from (13) in steady state, the equations
Control of the multi-input buck converter to function as an energy router
In Subsection 3.2 has been shown that the multi-input buck converter is able to function as an energy router in the sense that if the system starts with a particular initial conditions there exist an open-loop controller that accomplishes the energy router goals. However in practice we can not rely neither in special initial condition nor in open-loop controller. Hence a closed loop controller is necessary.
It has been shown from some decades now that in general, control of power converters is easier if the voltage is indirectly controlled through the current (see for example [10, 11] ). Based on this observation the following switching laws are proposed
where x 1 ref and x 2 ref are expressions that must depend on the output voltage in order to achieve a desired output voltage. In what follows these references are obtained.
To accomplish the goal given by (10) let suppose for a moment that
is a fictitious control in (8c). In this way, (8c) becomes the first order linear system
where a= −1 RC and b= 1 C It is well known (see [8] ) that system (22) can be compensated by (23) 
that is, a classic PI controller where the gains k p and k i are adjusted based on linear control techniques. From (21) and (23) the sum of the desirable current references can be obtained
From (21), (22) and (23) it can be concluded that if
where x 1 ref + x 2ref is given by (24) then the goal given by (10) is achieved. Nevertheless, the goals given by (9) can not yet be guaranteed. However, note that for the goals (9) to be achieved then in steady state conditions (19) must hold. Hence in steady state equations
must hold. From (24) and (26) it can be concluded that for the goals (9) to be achieved, conditions (27) must hold.
To conclude this subsection, it should be noted that control algorithm given by (20) and (27) can also be expressed using the standard notation for sliding mode controllers:
with (29).
Simulation results
To evaluate the controller performance, in this Section a multi-input buck converter with the parameters shown in Table 1 is simulated. 
Figures 3, 4, and 5 show simulation results
under different test condition. Figure 3 shows the output and input voltages, in Figure 4 partials and total currents are shown. In Figure  5 the power contribution of each source and the total power consumption are shown. The test conditions to be simulated are startup, change on α 1 , α 2 and changes on load a source voltage values. To illustrate what would happen if for example a source is not able to provide the 60% of power, at 4 mS the parameter α 2 is changed from 0.6 to 0.2. Note that almost instantaneously the current and hence the power that each source provides change. There is an almost neglect-able perturbation in the output voltage. At 8 mS the load is changed from 3Ω to 5Ω. Note there is a fast recovering of the output voltage. Power consumption changes as the load change, hence the power that each source provides also changes. However, the proportion of the total power that each source provides remain the same. Finally to illustrate the control robustness under voltage variations, at 12 mS both power source voltages are changed.
The first perturbation consisted in modifying the power provided by every source modifying the initial parameters after 4 ms. It is also changed the load value from 3Ω to 5Ω, to 8 ms.
In Figure 3 the voltages are presented, where is possible to observe that the source voltages
showing that the change in the provided power from the sources does not interferes importantly with the voltage, while the load perturbation does present a 5 volt perturbation which is corrected. In Figure 4 is observed that the addition of the inductors current ( x 1 , x 2 ) is the current used by the load ( i out ) , in the same way the change in power which every source provides is appreciated. In Figure 5 , is presented the behavior of the power of the sources ( P V 1 , P V 2 ) in respect of the load power ( P R ) , showing that they maintain proportional to the control adjustment.
Enabling Multi-input Boost Converter to Act as an Energy Router
Like the multi-input buck converter, a multiinput boost converter is generated by connecting two boost converters as it is shown in Figure 6 . Multi-input boost converters have been previously used in hybrid systems with alternate energies [6, 14] . However these works do not address the problem of feeding a load cooperatively with two or more sources. Along similar lines used for the multi-input buck converter, in this Section a control for the multi-input boost converter, that enable it to act as an energy router is developed.
Model of the multi-input boost converter
The model for the topology of Figure 6 can be obtained combining the state equations for every position of switches u 1 and u 2 , like was done for the multi-input buck converter.
The resulting model is
where V 1 , V 2 are the source voltages, x 1 and x 2 are the inductor currents, x 3 is the capacitor voltage, L 1 and L 2 are the inductances, C is the capacitance and R is the load. Note that u 1,2 ∈ {0,1 } .
The multi-input boost converter is able to act as an energy router
In this subsection it is shown that a multi-input boost converter is able to performs the functions of an energy router if it is properly controlled. For the multi-input boost converter shown in Figure 6 and modeled by (30) the requirements specified in Section 2 for an energy router become 1. The power from source V i will provide a ratio α i of the total power consumption, That is
where P V 1 and P V 2 are the average power provided by the source 1 and the source 2 respectively. The condition (2) becomes α 1,2 ∈[ 0,1] with α 1 +α 2 =1 .
Lemma 3. Consider the topology shown in Figure 6 modeled by (30 Proof: The contributed power of each source can be obtained from the Figure 6 , resulting
The total power delivered to the load is given by
Lets suppose that the initial conditions of (30) are given by
and that average controls are given by
Substituting the initial conditions (35) and the control expressions (36) in the model (30) it is obtained that under such conditionṡ x 1 =ẋ 2 =ẋ 3 =0 . That is the system is in equilibrium. Hence in this state
Substituting (37a) in (33a) results
from (37d) it is concluded that the requirement (31a) is achieved. Similarly from (31b) and using (37d) it is concluded that the requirement (31b) is achieved.
This shows that topology of Figure 6 is able to function as an energy router in the sense that there exist initial conditions and open loop controllers that achieved goals (31) and (32). However, this is an ideal case which does not have practical sense. In the next Section a closed loop controller is presented.
Control of the multi-input boost converter to function as an energy router
It is known that the indirect control of the output voltage through the inductor current presented for the buck converter in section also works for the boost converter. Based on this fact, it is possible to develop a control algorithm for the multi-input boost along very similar lines used for the multi-input buck.
The resulting algorithm has the same form given by (20) and (27) or expressed as (28-29). Note that, although the control algorithm has the same form for the multi-input buck and for the multi-input boost the components values are usually different for the two topologies and constant k p and k i as well.
Simulation results
In this Section simulation results of a multiinput boost converter working as an energy router will be presented. The parameters used are shown in Table 2 . Figures 8, and 9 show the results. Figure 7 shows the output and input voltages, in Figure 8 partials and total currents are shown. In Figure 9 the power contribution of each source and the total power consumption are shown. Simulation was carried out in a similar way that in Subsection 3.4. 
After the start-up, at 4 mS the power provided by the sources is redefined by modifying α 1 =0.8 and α 2 =0.2 . To show the controller robustness under load changes, at 8 mS the load is changed from 15 Ω to 10 Ω .
Finally, to illustrate the robustness under input voltage variations, at 12 ms both source voltages are changed. It can be observed that through all these perturbations the output voltage has a fast recovery. 
Conclusions
As the use of renewable energy grows, there is going to be necessary to interconnect them efficiently. An energy router is a device to perform this interconnection. In this paper has been shown that the multi-input buck and multi-input boost converters are able to perform the functions of an energy router. A control algorithm has been developed for enabling these converter to function as an energy router.
Simulation results show that the controlled multi-input converters are able to interconnect to different sources to feed the load with a regulated voltage and at the same time allow to decide how much energy each source should provide.
The controller can be seen as an extension of the current-mode control for the single input buck and boos converters. Although two sources has been considered in this paper, it is not difficult to extend the results for more than two sources.
